The dorsolateral prefrontal cortex (dlPFC) of the rat plays a role in the encoding of neuronal signals involved in conflict-induced behavioral adjustment, working memory, planning and executive abilities, attentional control and other cognitive responses. In altricial species, early perinatal undernutrition interferes with the morphofunctional organization of a number of central nervous system (CNS) structures including the prefrontal cortex. The effects of neonatal undernutrition on dendritic arbor density, perikaryon measurements, and the number of spines (detected by rapid-Golgi) of basilar dendritic segments in layer III pyramidal neurons of the dlPFC were examined in male Wistar rats on postnatal (PDs) 12, 20, and 30. In the underfed (U) subjects the distal portions of the dendritic arbors had a consistent hipoplasia, mainly on PD 30, with reduced cross sectional area, perimeter, and spine densities on the basilar dendrites on all days studied. Thus, the alterations of the dlPFC pyramidal neurons may interfere with the plastic synaptic activity and cognitive performance of rats subjected to the stress of early underfeeding. Characterizing these anatomical alterations may help to understand the disrupted cognitive processes associated with neonatal undernutrition.
Introduction
In rodents, perinatal food restriction interferes with the neocortical morphofunctional and subcortical synaptic organization of the brain and has short-and long-term behavioral, biochemical, and electrophysiological consequences that limit the expression of brain cognitive capabilities such as attentional processes, emotional and, maternal behavior, working memory, goal-directed behavior, and visuospatial learning among others [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . In this regard, alterations in the number and density of neocortical dendritic arbor, the reduced number of spines, and maldistribution of neurons may promote deficits in the neocortical connectivity, neuronal interactions, and the integration of complex physiological processes that may correlate with human brain disorders or abnormal adaptive behavior in animal models [11] [12] [13] [14] [15] .
Studies in rodents have revealed that undernutrition during gestation or lactation results in permanent central nervous system (CNS) alterations, in regions including the motor, primary sensory, and cortical association areas of the cortex, particularly in the dorsolateral prefrontal cortex (dlPFC) [12, [16] [17] [18] . In most of the studies, food restriction was established during the pre-and neonatal periods, and in few of them only during the lactating period, and the subjects performed poorly with respect to various types of responses, depending on the nutritional manipulations, neuronal parameters measured, and difficulty of the behavioral task employed. However, it is not clear how to distinguish nutritional effects from environmental influences, or the interactions between them. During the lactating period, the mother-litter bonds are essential for the development of the offspring pup's physical, behavioral, cognitive, and endocrine responses to stress [19] [20] [21] . In this context, exposure of the lactating dam to stressful conditions such as pup and nesting manipulations, food deprivation, etc., can interfere with maternal care [4, [22] [23] [24] [25] . Additionally, separation from the mother or increases in the quality or quantity of handling given to the pups may improve their anatomical, electrophysiological, and long-term adaptive behavioral performance [19, [26] [27] [28] [29] . In the current study we provoke neonatal undernutrition by using the paradigm of transferring half of the litter (4 out of 8 pups) daily for 12 h from the nest to a humid incubator to maintain the pup's body temperature (0800 -2000 h), and then returning them to the nest with their own lactating dam from postnatal days (PDs) 1-23 [22, 30] . Using this procedure we compared an undernourished group with food and sensory deprivation in an incubator, with a group fed normally in the nest by a lactating dam that provides complete maternal care. The aim of this study was to test whether neonatal undernutrition and sensory deprivation are associated with a dendritic arbor hypoplasia in layer III dlPFC pyramidal neurons. Because the dendritic spines are where axonal afferents converge and encoded ascending neuronal messages are integrated in pyramidal neurons, we evaluate the dendritic density and the number of spines on the basilar dendrites of layer 3 pyramidal neurons, parameters that may correlate with the long-term cognitive deficits commonly seen in early underfed rats.
Material and Methods

Animals
Thirty-six male Wistar rats (Rattus norvegicus), descendants of a stock originally obtained from Harlan Sprague-Dawley, Inc., were used as subjects. Animal care and protocols were approved by the National Autonomous University of Mexico according to Local Animal Committees and were in compliance with the guidelines for the care and use of mammals in Neurocience and Behavioral Research [31] . Subjects were obtained from 8 pregnant, nulliparous dams, 100 -120 days of age (200 -250 g). All animals were maintained in an automatically controlled room at 22˚C ± 2˚C, 50% humidity on a 12-h/12-h light/dark cycle (lights on at 07:00 h), with water and food (Purina chow) ad libitum. For mating, groups of four virgin female rats were house with a male of similar age. Sperm-positive females were placed one weak before delivery in individual plastic maternity cages (35 × 27 × 17 cm 3 ) with grill tops, and wood shavings as nesting material. Births were checked for daily at 08:00 and 18:00 h. Pups found at that time were considered to be 0 days of age. The day after birth, pups were weighed and sexed, and the litter was adjusted to 8 pups per mother (four males and four females). The redistribution was intended to minimize genetic and nutritional differences that may influence the experimental results. The presence of the bilateral thoracic and abdominal line of nipples and the shorter anogenital distance in the females were used as criteria for sex recognition [32] .
Nutritional Procedures
The Undernourished Group (UG)
The undernourished group (UG) of male subjects (n = 15) came from at least four different litters. Neonatal undernutrition was produced by transferring the same (n = 4) half of the litter from the nest to an incubator maintained at 29˚C, for a 12-h span (08:00-20:00 h), daily from PD 1 to PD 24. In all cases, underfed pups of one litter were placed together with the underfed pups from at least two other litters inside the incubator to ensure some physical interaction among underfed pups during the 12-h period of separation from the dam, although with a significant reduction compared to the environmental and sensory signals of the nest. During the home encounter with the mother and the 12-h period of mother-litter interactions, pups receive and provide direct sensorimotor cutaneous stimulation from littermates and from the dam´s fur, maternal body licking, whisking movements, motor activity, and suckling that may ameliorate the effects of maternal separation [33] [34] [35] . This paradigm was chosen because most of the dlPFC neurogenesis occurred prenatally, following different cytogenetic gradients, during the prenatal period [36] . All the UG subjects used here were undernourished during the light phase of the cycle with no food and water available. The pups were returned to their home cage with the mother and control littermates for 12-h to receive maternal care, and be exposed to the nest environmental cues and regular animal room routine. Rats were weaned on PD 25 and housed in plastic cages (60 × 32 × 20 cm 3 ) in groups of 4 subjects of the same treatment per cage. This paradigm of undernourishment introduced not only the effects of daily food restriction but also the effects of maternal sensory deprivation of newborns compared with other underfeeding procedures [37] . Mortality between birth and PD 30 was 4% -5% in the ad libitum group and 10% in the undernourished group.
The Control Group (CG)
The control group (CG) of male subjects (n = 15) came from four different, well-fed litters that had been adjusted at birth to 8 pups per mother (four males and four females), and were maintained continuously with the mother in the nest environment except for a daily 3-min period (PDs 1 to 24) when they were gently removed from the nest and introduced into the incubator. Control subjects were then returned to the nest with the mother for the following 24-h. After weaning on day 25, subjects of both dietary conditions had free access to water and solid food. To evaluate the effects of the two nutritional treatments (CG = 5 rats; UG = 5 rats) on physical growth, the pup´s body and brain weights and ages were noted. The older group of animals (PD 30) had a 6-day period of dietary rehabilitation prior to sacrifice.
Histology
A total of 30 male rats were subjected to two dietary treatments (n = 15, CG, and n = 15, UG), each with three groups. They were weighed, deeply anesthetized with ether, and decapitated at PDs 12, 20, and 30, resulting in five subjects per age and treatment. The brain, including the olfactory bulbs and the brain stem sections at the first cervical segment was removed and weighed wet, sectioned into three coronal blocks (3 mm each), and placed for 2 -3 days in buffered 10% formaldehyde. Tissues were transferred for 72 h into a solution containing 2.4 ml potassium dichromate and 0.2% osmium tetroxide in distilled water. The sections were stained by a variant of the rapid Golgi technique [38] , and they were transferred for 24 h into a solution of 0.75% silver nitrate in distilled water. Sections (150 -200 µm thick) of the dlPFC obtained with a sliding microtome were put into absolute alcohol for 15-min, then transferred to terpineol (15 min), then to xylol (15 min) and mounted serially. The slides were coded to ensure blind evaluation with respect to age and dietary treatment of subjects. Moreover, during the neuronal image digitizing, the experimenter had access only to the code numbers and not to the ages and experimental conditions of the brain material. Identification and location of the dlPFC area were based on the Paxinos and Watson atlas [39] . Anterior posterior coordinates for the localization of the dlPFC corresponded to values ranging from Bregma 2.70 to 1.70 mm.
Neuronal Measurements
The present study was based on a total of 210 well-impregnated, layer III dlPFC pyramidal neurons whose basilar dendritic field was confined to one section, as evidenced by light microscopy for each experimental condition, age group, and neuronal parameter (Figure 1) dendritic orders. Basilar dendritic branches leaving the cell body were defined as first order, while those which branched from the former were considered second order, and so on. The dendritic density was measured by placing the cell body and primary dendrites at the center of the first of a series of six concentric rings (spaced at 40-µm intervals) and counting all dendritic crossings with larger individual rings [40] . In all cases neuronal measurements were made at a magnification of 400X using an image-digitazing system (Perception Analysis System by Human-Computer Interface, Cambridge, UK).
To reduce the likelihood of a biased selection of pyramidal cells, the slides were first scanned at low magnification 25X for completely stained basilar dendrites that gradually tapered to an end without abrupt termination. After pyramidal cells designated for spine counting had been identified, spines were quantified at a magnification of 675X. The number of spines free of chrome-silver precipitates, blood vessels, etc., were counted and recorded for each of the basilar dendritic segments. Four segments (50 µm long each) per neuron were distributed as follows: basilar (2) dendritic branches at each side of the neuron. Spines were counted in a minimum of 5, layer III cortical pyramidal neurons from each animal of the two dietary treatments and three ages (a total of 102 neurons).
Statistics
The following ANOVA comparisons were used to analyze the score differences among ages and dietary conditions: 1) scores for body and wet brain weight were compared using a two-way ANOVA, 2 (dietary treatments) X 3 (ages); 2) the effects of undernutrition on the dendritic order and dendritic density of branches during development were analyzed by using a three-way ANOVA, 2 (dietary treatments) X 3 (ages) X 7 (dendritic orders) or 6 (concentric rings). 3) Measurements of the number of spines for individual animals were pooled to obtain a mean and standard error for each age and treatment, and were compared in a two-way ANOVA 3 (ages) X 2 (dietary treatments). To detect cumulative effects of undernutrition on the two dendritic measurements, the effects of the diet on all dendritic arbors at various ages and the total number of dendritic orders or dendritic crossings, a two-way ANOVA was used, 2 (dietary treatments) X 3 (ages). The post hoc statistical comparisons between experimental groups were made by using the Fisher LSD post hoc test. The level of significance was set at p ≤ 0.05 for all analyses.
Results
Body and Brain Weight Effects
The ANOVA comparisons between the experimental groups indicated significant body weight reductions in the UG subjects compared to the CG animals, F(1,24) = 372.13, p < 0.0001, and body weight was also affected by age, F(2,24) = 1613.17, p < 0.0001; there was a significant interaction diet by age, F(2,24) = 16.14, p < 0.0001. Post hoc comparisons indicated significant body weight reductions (p < 0.05) in the UG rats at all ages tested ( Table 1) . Furthermore, brain weight comparisons showed lower values for the UG compared to those of the CG animals, F(1,24) = 12.77, p < 0.0015; brain weight was also modified by age, F(2,24) = 61.61, p < 0.0001, without a significant interaction between the diet by the age. Post hoc comparisons showed significantly lower brain weight (p < 0.05) for the UG subjects at PDs 20, and 30 than in the corresponding controls ( Table 1) .
Dendritic Arbor Effects
The number of dendritic branches of the pyramidal neurons was modified by the diet, F(1,102) = 46.58, p < 0.0001, and age, F(2,102) = 6.12, p < 0.0001, and there was a significant interaction diet by age, F(2,102) = 6.19, p < 0.002. There were significant differences between the different orders (7) of dendritic complexity, F(6,612) = 538.23, p < 0.0001, with significant interactions order by diet, F(6,612) = 24.34, p < 0.0001, and dendritic order by age, F(12,612) = 5.04, p < 0.0001. There were total effects associated with diet, F(1,102) = 21.07, p < 0.00001 and with age, F(2,102) = 15.40, p < 0.02, and a significant interaction between them, (2,102) = 4.21, p < 0.01. Post hoc comparisons indicated significant score reductions (p < 0.05) in the UG dendritic orders 3 and 4 at PDs 12, and 20, and in the orders 2, 3, 4, 5, at PD 30. There was also a cumulative effect of orders at all ages tested (p < 0.05) (Figure 2(a) ).
The density of the dendritic arbor of pyramidal cells, taken as the number of crossings of dendrites per circle, showed significant reductions in the UG animals, F(1,102)= 21.07, p < 0.0001 compared to the CG, there was a significant effect of age, F(2,102) = 15.40, p < 0.0001, and a significant interaction diet by age, F(2,102) = 4.21, p < 0.01. When the statistical comparison was done based on the dendritic density, significant differences were obtained, F(5,510) = 285.76, p < 0.0001. The significant interactions between the circle length and diet, F(5,510) = 5.43, p < 0.0001, circle by age, F(10,510) = 2.39, p < 0.008, and circle by diet, F(10,510) = 2.14, p < 0.01. There was a total effect associated with the age, F(2,102) = 6.12, p < 0.003, and a significant interaction diet by age, F(2,102) = 6.19, p < 0.002. Post hoc comparisons showed significant score reductions (p < 0.05) in the dendritic density of the UG animals at PD 12 on circles 3, and 4, at PD 20 on circle 4, as well as on circles 1, 2, and 4 at PD 30. The cumulative effects of undernutrition on the density of branches showed significantly reduced values (p < 0.05) in the UG dendritic density measurement at PDs 12 and 30 (Figure 2(b) ).
Perikarya Effects
Comparisons of the perikarya scores yielded significant reductions of the neuron cross sectional area in the UG subjects, F(1,102) = 87.12, p < 0.0001, and also by age, F(2,102) = 14.84, p < 0.0002, without significant interaction between factors. Post hoc comparisons indicated significant (p < 0.05) score reductions of cross sectional area with increasing age in the UG animals ( (Figure 3(a) ). The cumulative effects of underfeding over all ages indicated a significant reduction (p < 0.05) of cross sectional area in the UG animals (Figure 3(a) ).
The perimeter comparisons of perikarya indicated significant reductions in the UG animals associated with diet, F(1,102) = 51.05, p < 0.0001, and age, F(2,102)= 19.03, p < 0.0001, with no interaction between factors. Post hoc comparisons along the days of the study yielded significantly (p < 0.05) reduced values as developmental age increased (Figure 3(b) ). The cumulative effects of undernutrition on the neuronal perimeter showed significantly reduced values (p < 0.05) with age in the UG subjects (Figure 3(b) ).
Dendritic Spine Effects
Comparisons of the number of dendritic spines showed significant reductions in the UG subjects, F(1,96) = 1172. 39, p < 0.0001, and changes with age, F(2,96) = 1596.32, p < 0.0001, and a significant interaction diet by age, F(2, 96) = 37.05, p < 0.0001. Post hoc comparisons indicated significant reductions (p < 0.05) in the UG values on all days tested (Figure 3(c) ). The cumulative comparison of the number of spines averaged over all ages showed significantly (p < 0.05) reduced values in the pyramidal neurons obtained from UG subjects (Figure 3(c) ).
Discussion
The significant reductions in the body and brain weights of the UG subjects throughout the study are in line with previous work showing that different underfeeding paradigms in rats interfere with the physical growth, delay sensory development, delay social behavior, and cause hyper-responsiveness to novel exposure, low vocalizations, and poor maternal care which is necessary for pup s' survival and brain growth [1, 5, 22, 24, 41] . Additionally, our data on the effects of neonatal undernutrition and the delayed physical development of pups may also be associated with maternal deprivation because of the daily transfer of the pups to the incubator and 12-h separation from the mother, in spite of the increased of maternal manipulation and licking of pups upon their return and later in the home-cage environment [33] [34] [35] . By contrast, when the individual pup's daily separation is only 1-h, body and brain weights were not significantly different between the experimental groups [27] . The findings obtained here with a daily 12-h separation from the mother may also reflect a decrease of environmental sensory stimulation; this decrease impairs the release of epidermal growth factor (EGF), growth hormone (GH), and the ornithine decarboxylase (ODC) enzyme all of which influence protein synthesis in the CNS and may also interfere with the pup's physical development [42] [43] [44] [45] .
Current findings showed that the underfeeding para- digm reduced the number and arborization of basilar dendrites, and spine density, with a significant decrease in the perimeter and cross sectional area of the perikarya of dlPFC layer III pyramidal neurons. These alterations may interfere with the neuronal integrative processes occurring in this structure in response to cortical polysensory associative inputs, and the thalamocortical ascending system upon the reduced pyramidal dendritic spine density. This interference may disrupt different levels of pyramidal neurons threshold activation related to the effects of spatiotemporal patterns of stimulation resulting in altered dlPFC cognitive processes [9, 12, 46, 47] . Another point of interest is that neonatal underfeeding paradigm is a powerful stressor that may interfere with the connectivity of dlPFC neurons and their functional interactions, accompanied by the increased glucocorticoid release that reprograms the HPA axis of the newborn to give nonadaptive behavioral responses [14, 48, 49] . In this regard, the alterations in the neuronal discharges of the dlPFC directed to the limbic system may bring about deficiencies in the central states of adaptive, cognitive, executive, attentional, hyperactive, fear, and anxiety responses during the neonatal period highly dependent on the maternal influence, and these deficiencies may manifest at later ages as exploratory, learning and affective disorders related to the sensory environmental input [9, 21, 47, [50] [51] [52] . The present results support the idea that both pre-and neonatal food deprivations in rats result at the adult stage, in reduced exploratory behavior, with episodes of hyperactivity or freezing activity, and increased selfgrooming, fecal boli, and urine elimination during exposure to an open field or an elevated plusmaze test [53] [54] [55] . Additionally, the atrophy of the distal portions of the basilar dendrites and the reduced spine density of the dlPFC neurons may be important cellular features of both neonatal undernourishment and stress-related disorders, where the increased glucocorticoid levels may interfere with ornithine decarboxylase (ODC) activity, the reduction in the BDNF content or perhaps some other synaptic organizers such as Wnt5a secreted proteins that inhibit local protein synthesis causing deficits in neuronal microtubules, and in the assembly of excitatory dendritic spines [56] [57] [58] .
Conclusion
Finally, our findings indicate that not only the prenatal but also the neonatal period is a critical time window for the developing rat, where layer III dlPFC neurons are highly vulnerable to a number of epigenetic factors such as food restriction, sensory deprivation, maternal stress, and interference with mother-litter-bonds. However, further information using the current underfeeding paradigm is required to identify the mechanisms underlying the effects of prolonged separation of mother and pups on the pups' dendritic arbor and spines, its effects on the mother's cognitive brain structures, and the correlation between these effects and the long-term cognitive disorders that occur in perinatally underfed rodents.
